We investigate possibilities for detecting heavy Majorana neutrinos (N 's) in e + e − at LEP200 and future Linear Colliders. We concentrate on the processes where the pairs of intermediate heavy N 's produce a clear signal of total lepton number violation (e + e − → N N → W + l − W + l ′− ). Such a signal is not possible if the heavy neutrinos are of Dirac nature. Our approach is general in the sense that the intermediate N 's can be either on-shell or off-shell. Discussion of the relative numerical importance of the s and the t+u channels of the N N production is also included.
There has been a significant amount of activity in the high energy physics community towards discerning the nature of the neutrino sector. A basic question is: Are neutrinos Dirac or Majorana particles? If there are no right-handed currents, then it is virtually impossible to discern the nature of the light neutrinos [1] . If there are heavy neutrinos (M ∼ 10 2 GeV), then present and future experiments offer a realistic prospect of establishing their nature. The production cross section of heavy Majorana neutrinos (N's), mostly via the e + e − collisions, has therefore been investigated in the past [2] . Most of these works have been done within specific (classes of) models; and it has been assumed that the center-of-mass (CMS) energy √ s in the process is high enough for the production of on-shell (OS) heavy N's. The effects of the off-shell (nOS) N's have been ignored. Moreover, to our knowledge, various distributions of N's decay products [N → W ± ℓ ∓ (→ jets + ℓ ∓ )], which are produced in the full reaction and which can actually be detected, have not been investigated in a quantitative way. The main reason for this was that the expressions for invariant amplitudes with two on-shell N's apparently do not allow a straightforward calculation of such distributions. We note that the detection of events for the reactions e + e − → NN → W ± ℓ ∓ W ± ℓ ′∓ → jets + ℓ ∓ ℓ ′∓ , which violate the total lepton number, would be a clear signal of the Majorana character of the intermediate neutrinos.
We present some results of calculations for the afore-mentioned reactions. We do not restrict ourselves to any specific (classes of) models. In contrast to the available literature, our approach allows us to account also for the effects of off-shell (nOS) intermediate N's on the cross sections σ. This enables us to investigate deviations from the previously known σ's, in the "2OS" kinematic region ( √ s > 2M > 2M W ) where both intermediate N's can, but need not, be on-shell -these deviations are termed "finite width effects." Our approach allows us to calculate the σ's, and various distributions, also in the "1OS" region
where at most one intermediate N can (but need not) be on-shell, and in the "nOS" region (M +M W > √ s) where both N's always have to be off-shell. Our approach makes possible a straightforward calculation of various distributions of final particles. As an illustration, we include an angular distribution of the final state leptons ℓ, ℓ ′ . We start with rather general Lagrangian densities for the couplings of N with Z, and for the coupling of N with W and light leptons ℓ j (ℓ
where
L 's are, at first, free parameters; g and θ W are the standard SU(2) L gauge coupling parameter and the Weinberg angle, respectively. The vector part is absent in (1) because N's are Majorana. NℓW couplings could include the right-handed parts, but this possibility will not be considered here. The only other relevant coupling is e + e − Z which we consider to be the one of the Standard Model (SM). We also set A N Z = −1, i.e., the natural choice obtained by replacing, in the SM density for ννZ, the massless Dirac neutrino ν by the (heavy) Majorana neutrino N.
We restrict ourselves to the afore-mentioned reactions
with light leptons (ℓ 1 = e, ℓ 2 = µ, ℓ 3 = τ ). They involve the s and the t+u (shortly: tu) channel -cf. Fig. 1 .
For the calculation of the invariant amplitude M f i (shortly: M [3] ) for various channels, we used the 4-component spinors u (α) (q) ≡ u(qα) and v (α) (q) ≡ v(qα) as defined in [4] , but with the normalization convention as given in [3] . For the quark spin components we use the notation: α = 1, 2 ⇔ α = 2, 1. In the s-channel, the resulting amplitude can be written as:
Here, we use notations of Fig. 1 
ν (p w ) are the real polarization vectors [4] of the final W 's, with polarizations λ,λ = 1, 2, 3. M is the mass of N's; A (s) is:
where λ M is the phase factor in the Fourier decomposition of the Majorana field N(x) (cf. [5] ;
where Γ N is the total decay width of N.
All the combinations of attaching the four final particles to the two N's are accounted for in amplitude (3) . Further, (3) had originally four instead of two terms in the curly brackets; however, two of them were reduced to the other two, by using the general identities
and (a /b /)
, where the Dirac basis and the conventions of [4] are used for γ µ 's. Using (7), we can further rewrite (3) into a form involving
The complex conjugate (c.c.) of this alternative form and of the form (3) are needed to calculate later the s-tu interference term of the full |M| 2 , where . . . stands for summation over the final and average over the initial polarizations. For the s-s part of |M| 2 , either of the two forms (and its c.c.) can be used. The tu-channel amplitude M (tu) turns out to be (8) is
As in the s-channel case, we can reexpress any of the terms in M (tu) in alternative forms, by applying transformations (7) -e.g., if we want to use, in scalar expressions in square brackets of (8), u(p α) andū(p ℓ α ℓ ) instead ofv(pα) and v(p ℓ α). Such transformations are convenient when we calculate
Then we can always end up with traces involving u(q, β)ū(q, β) = q / and/or v(q, β)v(q, β) = q / (q = p,p, . . .; β = α, α, . . .= 1, 2). The integrand |M| 2 is long -the s-tu and (even more so) tu-tu parts extend over tens of pages when printed out. Numerical integration of |M| 2 over (parts of) the final phase space leads to the cross sections.
Our general program can deal with all kinematic situations: 1.) both intermediate N's can (but need not) be on-shell [2OS kinematic region:
In numerical calculations, the input were values of √ s, M, and of the "N-strength" (2)]. H1 is a measure for the eW N coupling and affects the tu-amplitude (∝ H1). H affects the total |M| 2 which is then formally ∝ H 2 (once H1 is fixed). In |M| 2 , we average over the initial (α, α) , and sum over the final polarizations (λ,λ; α ℓ , α ℓ ) and over the flavors (i, j = 1, 2, 3) of the two final light leptons. In the general (nOS) expression, an additional factor 1/4 is included in |M| 2 to avoid double-counting of the two W + 's and of the final leptons when integrating over the phase space.
By the same described methods we also calculated M and |M| 2 when one N, or both N's, are explicitly put on-shell (1OS, 2OS expressions, respectively). The 1OS |M| 2 , for the sum of reactions
, was then multiplied by the branching ratio Br for the sum of the decay modes N OS → W + ℓ − j (j = 1, 2, 3); the 2OS |M| 2 for e + e − → N OS N OS was multiplied by (Br) 2 . Γ N , appearing in (6) , was determined at the tree level, assuming that the only (dominant) decay modes are
Then Br = 1/2. Numerical calculations were performed in various kinematic regions (nOS, 1OS, 2OS regions) with the general (nOS) program which has propagating intermediate N's [cf. (6)]. In the 1OS and 2OS kinematic regions, the 1OS program (in which one N is explicitly onshell) was also used; in the 2OS kinematic region, the 2OS program (in which both N's are explicitly on-shell) was also used. Results are depicted in Figs. 2-3 . The Γ N -parameter H was set H = 1 in all these Figures. Fig. 2 shows the M-dependence of the cross section σ, at fixed √ s. The difference between the results of the general (nOS) and the 2OS program, for √ s = 300 GeV, is less then ten percent over most of the 2OS kinematic region (M W < M < √ s/2), except near the threshold M ≈ √ s/2 where the results of the nOS program are significantly higher. The difference between the results of the 1OS and 2OS programs is less than three percent in most of the 2OS kinematic region. However, in the 1OS region ( √ s/2 < M < √ s−M W ), the results of the 1OS program are usually by several factors lower than those of the general nOS program, except near the threshold M ≈ √ s/2 where they differ only little. All these differences are in general less pronounced when the tu-channel is excluded (H1 = 0.0). For the chosen tu-strength value H1 = 0.25, the contributions of the tu-tu channel are at least by one order of magnitude larger than those of the s-s channel. Each curve has two slope increases: at M ≈ √ s/2 and at M ≈ √ s−M W (onset of the 2OS, 1OS kinematic region, respectively). If we take the integrated luminosity at LEP200 ( √ s = 200 GeV) to be 500 pb −1 , Fig. 2 implies that the maximal number of events cannot exceed 17 and 112 if H1 = 0.0, 0.25, respectively and we assume M > 85 GeV.
In Fig. 3 we show the √ s-dependence of σ, at fixed M. Most of the remarks about Fig. 2 apply also to Fig. 3 . The differences between the results of the nOS and 2OS programs ("finite width effects") are very significant when M = 200 GeV (and H1 = 0.25, H = 1.0), because Γ N = 4.8 GeV is large then (Γ N /M ≈ 2.5%; for M = 150 GeV: Γ N /M ≈ 1.1%). Our general nOS program can be applied also to calculation of various distributions in the process. As an illustration, we present in Fig. 4 an angular distribution of the final leptons ℓ − , ℓ ′− . The corresponding total cross sections are σ = 0.280 pb, 0.007 pb, for M = 200, 255 GeV, and the kinematic regions are 2OS, 1OS, respectively. If we assume the LC at √ s = 500 GeV to achieve the integrated luminosity of 10 4 pb −1 , and that most of the final states
can be identified, then these σ's correspond to 2800 and 70 events, respectively.
In the 2OS kinematic region ( √ s > 2M > 2M W ), the σ's and distributions as given numerically by the general (nOS) program depend on parameter H only weakly. Parameter H (note: Γ N ∝ H) is responsible in the 2OS region for the deviation of the full σ from the pure 2OS σ. In the 1OS region (2M > √ s > M +M W ), H-dependence of the full σ becomes quite strong (approximately σ ∝ H), and in the nOS region (M +M W > √ s) even more so (∝H 2 ). In Figs. 2-4 , we chose H = 1. In large classes of models, in which heavy neutrinos are sequential or have exotic SU(2)× U(1) assignments,H1 and H are severely restricted by available experimental data (LEP and low-energy data) [6, 7] 
In principle, in certain models these restrictions can be avoided. If we take into account restriction (10), the influence of the tu channel is radically weaker than in the case H1 = 0.25. However, the s-tu interference term (for H1 = 0.016) can still increase the cross section significantly in comparison with the pure s-s contributions, as seen from Table I . Restriction (11) would imply that the displayed off-shell ("finite width") effects in the 2OS region would be weaker than in the H = 1 case, and that the displayed σ's in the 1OS and nOS regions would be reduced, approximately by factors H and H 2 , respectively. The numbers in Table  I were obtained from the general (nOS) program, except in the case of M = 85-95 GeV when the 2OS program was used.
To summarize, we calculated cross sections for e + e − → NN → W + ℓ − W + ℓ ′− where N's are Majorana neutrinos (mass M ∼ 10 2 GeV) and ℓ, ℓ ′ are light leptons e, µ, τ . In contrast to the calculations available so far, we included the effects of the off-shell intermediate N's. These effects were significant even when √ s > 2M (> 2M W ). They are more pronounced when the t+u (shortly: tu) channel contributions are significant. The number of reaction events at LEP200 ( √ s = 200 GeV; integrated luminosity ≈500 pb −1 ) would be low (<20, for M > 85 GeV) if the strength of the tu-channel is restricted by available experiments and by confining ourselves to certain classes of models where the heavy neutrinos are either sequential or have exotic SU (2)×U (1) 
